Ulcerative colitis and Crohn's disease are major inflammatory syndromes that affect millions of patients. Caspase-11 confers protection against Gram-negative enteropathogens, but its role during colitis is unknown. Here, we show that caspase-11 was constitutively expressed in the colon, and that caspase-11-deficient (caspase-11 À / À ) mice were hypersusceptible to dextran sodium sulfate (DSS)-induced colitis. Notably, pro-inflammatory Prevotella species were strongly reduced in the gut microbiota of caspase-11 À / À mice. Co-housing with wild-type mice leveled Prevotella contents, but failed to protect caspase-11 À / À mice from increased susceptibility to DSS-induced colitis. We therefore addressed the role of caspase-11 in immune signaling. DSS-induced tissue damage, release of the pyroptosis/ necroptosis marker HMGB1, and inflammatory cell infiltration in the gut were markedly increased in caspase-11 À / À mice. Moreover, caspase-11 À / À mice showed normal or increased production of mature interleukin (IL)-1b and IL-18, whereas IL-1b and IL-18 secretion was blunted in animals lacking both caspases 1 and 11. In conclusion, we showed that caspase-11 shapes the gut microbiota composition, and that caspase-11 À / À mice are highly susceptible to DSS-induced colitis. Moreover, DSS-induced inflammasome activation relied on caspase-1, but not caspase-11. These results suggest a role for other caspase-11 effector mechanisms such as pyroptosis in protection against intestinal inflammation.
INTRODUCTION
Human inflammatory bowel diseases, which comprise ulcerative colitis and Crohn's disease, are major debilitating syndromes that affect millions of patients in developed countries, and their prevalence is increasing in other parts of the world. 1 Our understanding of the innate immune mechanisms contributing to intestinal inflammation has markedly evolved in recent years through the analysis of genetic and chemically induced models of colitis in rodents. Oral administration of dextran sodium sulfate (DSS) triggers intestinal inflammation that is reminiscent of human ulcerative colitis. 2 As DSS-induced intestinal inflammation develops in severe combined immunodeficient (SCID) mice that lack T and B cells, the model is particularly useful for analyzing the innate immune response and inflammatory mechanisms contributing to colitis. 3 Inflammasomes are intracellular multiprotein complexes that induce pyroptotic cell death and secretion of the proinflammatory cytokines interleukin (IL)-1b and IL-18 by promoting activation of the inflammatory cysteine protease caspase-1. 4 Depending on the pathological context, distinct inflammasome complexes are assembled around members of either the NOD-like receptor (NLR) or AIM2-like receptor families. The complexes assembled around the NLRs NLRP1b, NLRC4 and NLRP3 represent the best-characterized inflammasomes. 4 Notably, single-nucleotide polymorphisms in the promoter region of the Nlrp3 gene that reduce NLRP3 transcript levels were previously shown to increase susceptibility to Crohn's disease in patients. 5 In agreement, mice with gene-targeted deletions in NLRP3, the inflammasome adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), or caspase-1 were hypersensitive to DSS-induced colitis. 6, 7 Similarly, mice lacking the inflammasome substrate IL-18 (Il18 À / À mice), its receptor (Il18r1 À / À mice), or the IL-1 receptor (Il1r1 À / À mice) displayed increased lethality and more severe histopathological changes during DSS-induced colitis, confirming the critical role of NLRP3 inflammasome-mediated cytokine production in protection against DSS-induced colitis. 8, 9 Unlike caspase-1, the (patho)physiologic role of the closely related inflammatory caspase-11 in intestinal inflammation is not known. Caspase-11 is the mouse paralog of human caspases 4 and 5, of which the putative roles in inflammatory bowel diseases have also not been characterized. Although caspase-11 is dispensable for canonical NLRP3 inflammasome activation, recent reports revealed a key upstream role for caspase-11 in non-canonical NLRP3 inflammasome activation and secretion of IL-1b and IL-18 when macrophages are infected with Gram-negative bacterial pathogens. [10] [11] [12] Caspase-11 also contributes critically to host defense against bacterial pathogens by triggering pyroptotic cell death of infected myeloid cells independently of its role in inflammasome signalling. 10, 12, 13 Notably, it recently emerged that the splice acceptor site preceding exon 7 of the caspase-11 gene was deleted in currently available caspase-1-deficient mice, rendering these animals doubly deficient for caspases 1 and 11. 10 However, whether caspase-11 plays a role in protection against intestinal inflammation is not known.
To this end, we examined the role of caspase-11 in DSSinduced colitis. We found that caspase-11 was expressed in the intestinal mucosa and was further induced in response to DSS treatment. Importantly, caspase-11-deficient (caspase-11 À / À ) mice were hypersusceptible to DSS-induced colitis, suggesting that the reported hypersusceptible phenotype of caspase-1 À / À /11 À / À mice to DSS-induced colitis 6, 7, 14 mayat least in part-be due to deficient caspase-11 expression. Notably, the abundance of Prevotellaceae was significantly reduced in the microbiota of caspase-11 À / À mice, but co-housing with wild-type mice failed to protect caspase-11 À / À mice from increased DSS-associated morbidity and intestinal inflammation. Interestingly, caspase-11 deficiency led to significantly increased DSS-induced body weight loss, tissue damage, and mortality rates despite intact secretion of IL-1b and IL-18. In contrast, caspase-1 À / À /11 À / À mice failed to produce mature IL-1b and IL-18 in the intestinal tract, as expected. These results demonstrate that caspase-11 À / À mice have a skewed microbiome composition that did not critically contribute to their increased susceptibility to DSS-induced colitis. Moreover, the observation that caspase-11 was dispensable for inflammasome-dependent cytokine production suggests a role for other caspase-11 effector mechanisms, such as pyroptosis, in protection against intestinal inflammation.
RESULTS

Caspase-11 deficiency increases mortality and morbidity after DSS administration
Previous reports showed caspase-1 À / À /11 À / À mice to be hypersensitive to DSS-induced colon inflammation and colitis-associated lethality. 6, 7, 14 To study the role of caspase-11 in colitis, we first assessed the mortality rate of age-and sexmatched wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice after oral administration of 4% DSS in drinking water (Figure 1a,b ). Only 10% of wild-type mice died during the study period, whereas a mortality rate of 100% was noted for both the caspase-11 À / À and caspase-1/11 À / À cohorts (Figure 1b) . Notably, caspase-11 À / À and caspase-1 À / À / 11 À / À mice were lost with near-similar kinetics in two independent experiments. These findings suggest a key role for caspase-11 in protection against DSS-induced lethality.
To characterize the role of caspase-11 under milder (non-lethal) conditions of intestinal inflammation, the experiment was repeated with a lower DSS concentration of 2% ( Figure 1a ). The increased susceptibility of caspase-11 À / À and caspase-1 À / À /11 À / À mice seen in the 4% DSS-induced lethality study was reflected in two parameters of morbidity: more body weight loss and a higher combined score of stool consistency and occult bleeding. Indeed, body weight loss in DSS-fed caspase-11 À / À and caspase-1 À / À / 11 À / À mice was approximately double that of wild-type mice by day 9 (±25% vs. ±12%, respectively; Figure 1c and Supplementary Figure S1a online). Differences in stool consistency and rectal bleeding were also apparent, with caspase-11 À / À and caspase-1 À / À /11 À / À mice displaying significantly elevated scores relative to DSS-administered wild-type controls (Figure 1d and Supplementary Figure  S1b ). To further assess the severity of colitis in the absence of caspase-11, we measured the colon length of 2% DSS-fed wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice. The average colon length of the three genotypes was similar prior to DSS administration, but colons of caspase-11 À / À and caspase-1 À / À /11 À / À mice were B14% and 12% shorter than those of DSS-fed wild-type controls, respectively (Figure 1e,f).
Caspase-11 À / À mice have less intestinal Prevotellacea, but co-housing does not protect from colitis hypersensitivity Changes in the gut microbiota are associated with the development of inflammatory bowel diseases. 15, 16 Moreover, several genetically altered mice that present with increased or reduced susceptibility to colitis have an altered gut microbiota composition. 15, 17, 18 To address whether caspase-11 deletion skewed the composition of the gut microbiota, we profiled bacterial 16S rRNA that was extracted from fecal samples of wild-type and caspase-11 À / À mice that were housed in different cages. Notably, the abundance of Prevotella species in the microbiota of caspase-11 À / À mice was markedly reduced relative to age-and sex-matched wild-type controls (Figure 2a ). The differential representation of Prevotellaceae was maintained after DSS treatment (Figure 2a ). Moreover, caspase-11 À / À mice presented with a modest-but statistically significant-increase in the abundance of Bacteroides species that lost significance after 2% DSS administration ( Figure 2b) . These observations were confirmed in wild-type and caspase-11 À / À mice that were housed in another mouse facility (data not shown), suggesting that caspase-11 deficiency rather than facility-linked environmental factors was responsible for the altered microbiome composition.
The gut microbiota composition of mice that have been co-housing during several weeks levels out due to horizontal transfer of the intestinal flora. 18 To test whether the altered microbiome composition of caspase-11 À / À mice was responsible for their increased susceptibility to DSS-induced colitis, cohorts of wild-type and caspase-11 À / À mice were co-housed during 4 weeks, and their microbiome composition was assessed prior to and after DSS challenge. As expected, the prevalence of Prevotellaceae and Bacteroides in caspase-11 À / À mice equaled that of co-housed wild-type controls (Figure 2c,d ). In line with our analysis of separately housed mice (Figure 2a ,b), DSS treatment did not induce gross changes in the microbiota composition of co-housed wild-type and caspase-11 À / À mice (Figure 2c,d) . Despite an equilibrated microbiota composition, co-housed caspase-11 À / À mice retained their increased susceptibility to DSS-induced colitis, as reflected by their increased body weight loss and clinical disease scores (Figure 2e ,f). In agreement, colons of DSS-challenged caspase-11 À / À mice were significantly shorter than those of co-housed wild-type controls (Figure 2g, Figure 1 Caspase-11 deficiency sensitizes mice to dextran sodium sulfate (DSS)-induced morbidity and lethality. (a) Schematic of the design of the survival study and the studies for the collection of serum and colon samples. In general, mice were fed a 2 or 4% DSS solution in drinking water for 5 days, followed by normal drinking water until the end of the experiment. (b) Kaplan-Meier survival plot of C57BL/6J, caspase-11 À / À (C11 À / À ), and caspase-1 À / À /11 À / À (C1 À / À /11 À / À ) mice induced with 4% DSS (n ¼ 10 per group). (c) The percentage of body weight and (d) the clinical score of C57BL/6J, C11 À / À , and C1 À / À /11 À / À mice induced with 2% DSS. Data depict the mean ± s.e.m. (n ¼ 10 per group). Statistical significance between DSS-treated C57BL/6J and C11 À / À mice is indicated. (e) Macroscopic pictures and (f) graphic presentation of the colon length of C57BL/6J, C11 À / À and C1 À / À /11 À / À mice without (0% DSS) or 10 days after induction with 2% DSS. Data in f depict individual replicates with mean; C57BL/6J mice (0% DSS, n ¼ 8; 2%, n ¼ 7), C11 À / À mice (0% DSS, n ¼ 6; 2%, n ¼ 11), and C1 À / À /11 mice (0% DSS, n ¼ 4; 2% DSS, n ¼ 6). Statistical significance between DSS-treated C57BL/6J, C11 À / À , and C1 À / À /11 À / À mice is indicated. *Po0.05; **Po0.01; ***Po0.001.
Increased DSS-induced histopathology in caspase-11 À / À mice is not due to increased induction of apoptosis
To address the role of caspase-11 in the host's immune and cell death responses during DSS-induced colitis, representative colon sections were subjected to histological examination. Hematoxylin and eosin-stained colons of untreated caspase-11 À / À and caspase-1 À / À /11 À / À mice were indistinguishable from those of healthy wild-type controls (Figure 3a) . Figure 2 The microbiome of caspase-11 À / À mice contains reduced Prevotellacea, but this is not associated with their hypersensitivity towards dextran sodium sulfate (DSS)-induced colitis. Expression of the microbial phyla (a) Prevotellacea and (b) Bacteroides in the fecal samples of separately housed C57BL/6J and caspase-11 À / À (C11 À / À ) mice before (day 0) and 10 days after the start of 2% DSS administration. Data depict the mean ± s.d. (n ¼ 6 per group). Expression of the microbial species (c) Prevotellaceae and (d) Bacteroides in the fecal samples of C57BL/6J and C11 À / À mice that were first co-housed together for 4 weeks (day 0) and then induced with 2% DSS (day 10). Data depict the mean ± s.d. (n ¼ 12 per group). (e) The percentage of body weight, (f) the clinical score, (g) macroscopic pictures and (h) graphic presentation of the colon length of C57BL/6J and C11 À / À mice that were co-housed together for 4 weeks and afterwards induced with 2% DSS. Data depict the mean±s.e.m. (e,f; n ¼ 12 per group) or individual replicates with mean (h; n ¼ 12 per group). Statistical significance between DSS-treated C57BL/6J and C11 À / À mice is indicated. *Po0.05; **Po0.01; ***Po0.001. n.s., not significant.
Consistent with the absence of disease in animals that were not fed DSS, no signs of inflammation or tissue damage were observed in colons of the three genotypes. In agreement with previous studies, 6, 8, 19 DSS treatment triggered marked histopathological changes in colons of DSS-treated wild-type mice characterized by crypt loss and infiltrating leukocytes ( Figure 3a) . However, only minimal evidence of necrosis and ulceration was evident in hematoxylin and eosin-stained colon sections of DSS-fed wild-type mice. In contrast, colons of DSS-treated caspase-11 À / À and caspase-1 À / À /11 À / À mice displayed severe transmural inflammation with focal areas of extensive ulceration and necrotic lesions b -treated C57BL/6J, caspase-11 À / À (C11 À / À ), and caspase-1 À / À /11 À / À (C1 À / À /11 À / À ) mice without (0% DSS) or 10 days after induction with 2% DSS. (c) Representative microscopic pictures and (d) semiquantitative scoring of H&E-stained colon sections of DSS-treated C57BL/6J and C11 À / À mice that were co-housed together for 4 weeks and afterwards induced with 2% DSS. Data depict the mean±s.d. (b, n ¼ 4 per group and d, n ¼ 5 per group). Bar ¼ 100 mm. (e) Representative microscopic pictures and (f) quantification of the number of TUNEL (TdT-mediated dUTP nick end labeling)-positive cells per field of DSS-treated C57BL/6J, C11 À / À and C1 À / À /11 À / À mice 3 days after induction with 4% DSS. Bar ¼ 50 mm. Data depict the mean ± s.e.m. in 5 (0% DSS) and 10 (4% DSS) optical fields per mouse (n ¼ 4 per group). Statistical significance between DSS-treated C57BL/6J, C11 À / À and C1 À / À /11 À / À mice is indicated. ***Po0.001; n.s., not significant.
( Figure 3a) . Inflammatory infiltrates filled the lamina propria and submucosa in areas where the mucosa was intact, and often effaced the normal architecture of the tissue. Submucosal edema was marked in areas of ulceration ( Figure 3a) . Semiquantitative scoring of these histological parameters confirmed that colitis severity in separately housed caspase-11 À / À and caspase-1 À / À /11 À / À mice was significantly higher than in wild-type mice (Figure 3b ). Histological analysis of hematoxylin and eosin-stained colon sections of co-housed wild-type and caspase-11 À / À mice further supported the notion that caspase-11 prevents exacerbated tissue damage and leukocyte infiltration during DSS-induced colitis independently of the microbiota composition (Figure 3c,d) .
The induction of programmed cell death is critical for homeostasis and its deregulation contributes to various pathological conditions. Indeed, excessive apoptosis induction has been identified as a critical mechanism contributing to disease severity in DSS-induced colitis. 20 We therefore asked whether caspase-11 deficiency affected the induction of apoptosis during DSS-induced colitis. We collected colon samples of 4% DSS-fed wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice at day 3 after starting DSS treatment, and quantified apoptosis by the number of TUNEL (TdT-mediated dUTP nick end labeling)-positive cells on histological sections, as reported. 20 As expected, colonic epithelium of untreated wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice rarely contained TUNEL-positive cells (Figure 3f and data not shown). DSS treatment significantly increased the number of TUNEL-positive cells detected in colons of wild-type mice (Figure 3e ). However, quantification of TUNEL-positive cells indicated that the extent of apoptotic cell death was similarly increased in the colonic epithelium of caspase-11 À / À and caspase-1 À / À /11 À / À mice (Figure 3f) . Similarly, no differences in TUNEL-positive cells were observed in colons of wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice that received 2% DSS for 5 days, after which they were continued on normal drinking water until day 10 (data not shown). Together, these results suggest that the increased susceptibility of caspase-11 À / À mice to DSSinduced colitis is not associated with deregulated apoptosis induction during either early onset or the recovery phase of the disease.
DSS-induced local and systemic cytokine production in caspase-11 À / À mice Multiple cytokines and chemokines have been demonstrated to modulate the severity of DSS-induced colitis. Particularly the inflammatory cytokine IL-6 and the chemokines KC and CCL5 were shown to be significantly increased in colons of DSStreated mice. 6, 18, 19 To address whether the hypersusceptible phenotype of caspase-11 À / À mice was associated with deregulated inflammatory cytokine production, we analyzed the levels of these inflammatory mediators in colon homogenates of untreated and DSS-treated mice. Wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice were either sham-or DSS-treated for 5 days, after which both groups were continued on normal drinking water. Colon tissue of 2% and 4% DSS-treated mice was assessed 10 and 7 days after DSS induction, respectively. Colon tissue of neither wild-type mice, nor caspase-11 À / À or caspase-1 À / À /11 À / À mice contained significant levels of IL-6, KC, and CCL5 before DSS administration (Figure 4a-c) . IL-6 and KC levels were similarly induced in colons of 2% DSS-fed wild-type and caspase-11 À / À mice (Figure 4a,b) . Notably, colons of caspase-1 À / À /11 À / À mice trended towards slightly reduced levels of IL-6 and KC levels, but these differences did not reach statistical significance (Figure 4a,b) . In contrast, tumornecrosis factor, interferon-g, IL-17, and IL-22 could not be detected (data not shown). However, local concentrations of CCL5 were markedly higher in colons of 2% DSS-treated caspase-11 À / À and caspase-1 À / À /11 À / À mice relative to those seen in wild-type mice (Figure 4c ). 4% DSS administration triggered significantly higher colonic levels of IL-6, KC, and CCL5 in caspase-11 À / À mice relative to wild-type controls (Figure 4d,f) , in agreement with the increased lethality and disease scores noted for the former (Figure 1 and Supplementary Figure S1 ). Because caspase-11 À / À mice were hypersusceptible to 2% DSS treatment (Figure 1) in the absence of differential IL-6 and KC concentrations, we conclude that the increased sensitivity of caspase-11 À / À mice to DSS-induced colitis is not causally associated with deregulated production of these inflammatory mediators in the gut. In contrast, the increased CCL5 levels in colons of caspase-11 À / À mice exposed to 2 or 4% DSS suggests that caspase-11 may-directly or indirectly-modulate CCL5 production during colitis. The elevated CCL5 levels may also explain the enhanced recruitment of macrophages ( Figure 4g ) and neutrophils (Figure 4h ) in colons of DSS-treated caspase-11 À / À mice. Importantly, the observed inflammatory cell infiltration was DSS-induced because they were not detected in colons of untreated wild-type and caspase-11 À / À mice (Figure 4g,h) .
DSS-induced colitis also is associated with systemic release of pro-inflammatory mediators. 6 However, 2% DSS treatment increased serum levels of tumor-necrosis factor-a (Figure 5a) , KC (Figure 5b) , and eotaxin ( Figure 5c ) with equal strength in wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice. Caspase-11 À / À mice that were fed 4% DSS appeared to have modestly higher serum levels of these inflammatory mediators when compared to wild-type controls, albeit these differences did not reach statistical significance and are likely explained by the increased disease severity in these mice (Figure 5d,f) . Moreover, systemic levels of CCL5 were below detection limit in the serum of DSS-treated wild-type and caspase-11 À / À mice (data not shown). These results suggest that the marked hypersensitivity of caspase-11 À / À mice toward colitis development is not due to major alterations in the production of systemic inflammatory cytokines.
HMGB1 is a danger signal that upon its release from necrotic and pyroptotic cells, or its active secretion from activated macrophages, functions as a chemokine by ligating its receptor, receptor for advanced glycation endproducts. 21, 22 As expected, HMGB1 levels in circulation of healthy mice were below the detection limit (Figure 5g ). 2% DSS treatment significantly increased systemic HMGB1 levels in wild-type mice (Figure 5g) . In marked contrast, serum samples of caspase-11 À / À and caspase-1 À / À /11 À / À mice were devoid of circulating HMGB1 (Figure 5g) . The absence of circulating HMGB1 also was noted in caspase-11 À / À mice that had received 4% DSS (Figure 5g) . These observations support the hypothesis that systemic HMGB1 release in response to DSS treatment is associated with the induction of pyroptosis, although it may also reflect necrosis or active secretion. Unfortunately, further dissection of the role of pyroptosis during colitis is hampered by the absence of specific in vivo markers.
Caspase-11 is dispensable for DSS-induced secretion of IL-1b and IL-18 in the colon and by isolated colonic epithelial cells
In addition to altering the levels of pyroptotic cells, caspase-11 may affect caspase-1 activation and secretion of the inflammasome-dependent cytokines IL-1b and IL-18. Notably, both defective and excessive IL-1b and IL-18 production may contribute to increased susceptibility to DSS. 8, 23 To examine the role of caspase-11 in inflammasome-dependent cytokine secretion, colon homogenates of sham-and 2% DSS-treated mice were analyzed on day 10 for IL-1b and IL-18 levels (Figure 6a,c) . As expected, IL-1b and IL-18 concentrations in colon tissue of untreated mice were below the detection limit, and 2% DSS administration induced significant secretion of , and CCL5 (c) in the colon of C57BL/6J, caspase-11 À / À (C11 À / À ) and caspase-1 À / À /11 À / À (C1 À / À /11 À / À ) mice without (0% DSS) or 10 days after induction with 2% DSS. Production of (d) IL-6, (e) KC, and (f) CCL5 in the colon of C57BL/6J and C11 À / À mice without (0% DSS) or 7 days after induction with 4% DSS. Data depict the individual replicates with mean; C57BL/6J mice (0% DSS, n ¼ 8; 2%, n ¼ 7; and 4%, n ¼ 10), C11 À / À mice (0% DSS, n ¼ 6; 2%, n ¼ 11; and 4%, n ¼ 10), and C1 À / À /11 À / À mice (0% DSS, n ¼ 4; and 2%, n ¼ 6). Statistical significance between DSS-treated C57BL/6J, C11 À / À and C1 À / À /11 À / À mice is indicated. *Po0.05; **Po0.01; ***Po0.001; n.s., not significant. (g,h) Photomicrographs of macrophage (F4/80) and neutrophil (Ly6G) staining on representative colon sections of DSS-treated C57BL/6J and C11 À / À mice without (0% DSS; n ¼ 4 per group) or 10 days after induction with 2% DSS (n ¼ 4 per group). Bar ¼ 100 mm.
IL-1b and IL-18 in wild-type mice (Figure 6a,c) . Interestingly, DSS-fed caspase-11 À / À and wild-type mice produce similar levels of maturated IL-1b and even significantly increasedrather than reduced-levels of IL-18, indicating that caspase-11 is dispensable for inflammasome-dependent cytokine secretion during colitis (Figure 6a,c) . As expected, IL-1b and IL-18 production was abolished in caspase-1 À / À /11 À / À mice, demonstrating the specificity of these findings (Figure 6a,c) .
In agreement with caspase-11 being dispensable for IL-1b and IL-18 production in the colon after 2% DSS treatment, caspase-11 À / À mice that were fed 4% DSS had significantly increased IL-1b and IL-18 levels relative to those of DSS-treated wild-type mice (Figure 6b,d) . Western blot analysis confirmed that DSS treatment elicited conversion of proIL-18 into mature IL-18 (p18) in colons of DSS-fed wildtype mice and induced increased levels of mature IL-18 in caspase-11 À / À mice (Figure 6e ). As expected, IL-18 processing was blunted in caspase-1 À / À /11 À / À mice (Figure 6e) . Notably, we observed a significant upregulation of caspase-11 expression in colons of DSS-treated mice (Figure 6e and Supplementary Figure S2 ). In addition, DSS induced IL-18 secretion in the serum of wild-type mice, which was blunted in caspase-1 À / À /11 À / À mice (Supplementary Figure S3 ). In contrast, DSS-fed caspase-11 À / À mice had circulating levels of IL-18 that were comparable to those of wild-type mice (Supplementary Figure S3 ). Colonic epithelial cells and the myeloid cells infiltrating the lamina propria after DSS treatment are the cell types producing the highest IL-18 levels. 14, 23 To examine whether caspase-11 contributed to DSS-induced caspase-1 activation in colonic epithelial cells, we isolated the intestinal epithelium and sorted healthy (propidium iodide-negative) colonic epithelial (EpCAM þ CD45 À ) cells from colons of wild-type, caspase-11 À / À , and caspase-1 À / À /11 À / À mice that had been treated with 2% DSS. The sorting procedure successfully enriched colonic epithelial cells from the three genotypes to 96.7%, 97.8%, and 98.2% purity, respectively (Supplementary Figure S4 and data not shown). Western blot analysis showed that caspase-1 maturation in purified colonic epithelial cells of wild-type and caspase-11 À / À mice was comparable in the two genotypes (Figure 6f) , indicating that colonic epithelial cells activated caspase-1 independently of caspase-11. Analysis of intestinal epithelium cell samples before proceeding with the sorting procedure confirmed these observations (Figure 6f) , thus ruling out the possibility of bias introduction by the sorting procedure. As expected, the immunoreactive caspase-1 bands Figure 5 Systemic cytokine and chemokine production is unaltered in dextran sodium sulfate (DSS)-treated caspase-11 À / À mice. (a-c) Release of tumor-necrosis factor (TNF) (a), KC (b), and eotaxin (c) in the serum of C57BL/6J, caspase-11 À / À (C11 À / À ) and caspase-1 À / À /11 À / À (C1 À / À / 11 À / À ) mice without (0% DSS) or 10 days after induction with 2% DSS. Release of (d) TNF, (e) KC, and (f) eotaxin in the serum of C57BL/6J and C11 À / À mice 7 days after induction with 4% DSS. Data are presented as individual replicates with mean; C57BL/6J mice (0% DSS, n ¼ 8; 2%, n ¼ 7; and 4%, n ¼ 10), C11 À / À mice (0% DSS, n ¼ 6; 2%, n ¼ 11; and 4%, n ¼ 10) and C1 À / À /11 À / À mice (0% DSS, n ¼ 4; and 2%, n ¼ 6). Statistical significance between DSS-treated C57BL/6J, C11 À / À and C1 À / À /11 À / À mice is indicated. n.s., not significant. (g) Representative serum samples of C57BL/6J, C11 À / À and C1 À / À /11 À / À mice without (0% DSS), 10 days after induction with 2% DSS or 7 days after induction with 4% DSS were analyzed by western blotting for HMGB1 release. Ponceau staining was used as loading control.
were absent in colons of untreated wild-type mice (Supplementary Figure S5 ) and in extracts of caspase-1 À / À /11 À / À cells (Figure 6f) , indicating that caspase-1 processing is induced by DSS treatment and demonstrating the specificity of the antibody, respectively. In contrast, we failed to observe caspase-1 maturation when gating on living myeloid cells from the lamina propria of DSS-fed wild-type mice (Supplementary Figure S6 ), suggesting that caspase-1 is not activated in myeloid cells or that we failed to purify living caspase-1-activating myeloid cells. Regardless, our results demonstrated that caspase-11 is expressed in the colonic mucosa and that it contributes to protection against DSSinduced colitis independently of inflammasome signaling.
DISCUSSION
The intestine is home to trillions of commensal bacteria that contribute to normal homeostasis, metabolism of nutrients, and protection against colonization by pathogenic microbes. However, disruption of the integrity of the intestinal mucosa may trigger an abnormal immune response of resident immune cells against components of the commensal microflora that may promote the development of chronic intestinal inflammation. 15, 16 Genome-wide association studies have identified 163 inflammatory bowel disease-related loci, many of which are associated with regulation of innate immune and host-pathogen interactions such as pro-inflammatory cytokines, autophagy regulators, and pattern recognition receptors. 1 Indeed, polymorphisms in the NLR family member Nod2 were the first to be associated with the development of Crohn's disease, 24, 25 and they were recently reconfirmed in a large cohort. 1 In addition to NOD2, decreased expression of the NLR protein Nlrp3 has been associated with Crohn's disease. 5 Whereas NOD2 mediates activation of nuclear factor-kB and mitogen-activated protein kinases, 26, 27 NLRP3 forms an inflammasome complex that drives caspase-1 activation, and maturation and secretion of the caspase-1-dependent cytokines IL-1b and IL-18. 4 Notably, mice lacking NLRP3, the inflammasome adaptor ASC, IL-18, or the IL-1 receptor were found to be hypersensitive to colitis-associated body weight loss, diarrhea, rectal bleeding, and mortality, indicating a key role for the NLRP3 inflammasome in protection against DSS-induced colitis. [6] [7] [8] [9] In agreement, caspase-1-deficient mice phenocopied Nlrp3 À / À , Asc À / À , Il18 À / À , and Il1r1 À / À mice when subjected to DSS-induced colitis. 6, 7, 14 However, available caspase-1-deficient mice were recently shown to also lack expression of the inflammatory caspase-11 due to nonsense decay of the truncated protein resulting from genomic deletion of the splice acceptor site preceding exon 7. 10 This suggests that the reported hypersusceptibility of caspase-1 À / À /11 À / À mice may-at least partially-be due to the absence of caspase-11. Figure 6 Increased secretion of interleukin-18 (IL-18) in colons of dextran sodium sulfate (DSS)-treated caspase-11 À / À mice. (a,c) Production of IL-1b and IL-18 in the colon of C57BL/6J, caspase-11 À / À (C11 À / À ), and caspase-1 À / À /11 À / À (C1 À / À /11 À / À ) mice without (0% DSS) or 10 days after induction with 2% DSS. (b,d) Production of IL-1b and IL-18 in the colon of C57BL/6J and C11 À / À mice 7 days after induction with 4% DSS. Data are presented as individual replicates with mean; C57BL/6J mice (0% DSS, n ¼ 8; 2%, n ¼ 7; and 4%, n ¼ 10), C11 À / À mice (0% DSS, n ¼ 6; 2%, n ¼ 11; and 4%, n ¼ 10), and C1 À / À /11 À / À mice (0% DSS, n ¼ 4; and 2%, n ¼ 6). Statistical significance between DSS-treated C57BL/6J, C11 À / À , and C1 À / À /11 À / À mice is indicated. *Po0.05; **Po0.01; ***Po0.001. (e) Protein extracts of representative colon samples from (a) and (b) were analyzed by western blotting for IL-18 maturation and caspase-11 induction. (f) Colonic epithelial cells from 2% DSS-fed C57BL/6J, C11 À / À , and C1 À / À /11 À / À mice (pool of n ¼ 5/group) were isolated and enriched by fluorescence activated cell sorting as described in the Methods section. Protein extracts of colonic epithelial cells before (unsorted) and after sorting were analyzed by western blotting for caspase-1 processing and caspase-11 induction. b-Actin was used as loading control in (e) and (f).
Notably, the mutation cannot be outbred, as the genes encoding caspases 1 and 11 are in close physical association on mouse chromosome 9. 28 Caspase-11 was shown to be critical for lipopolysaccharide-induced lethality in vivo, 10 and it promotes non-canonical NLRP3 inflammasome activation in enteropathogen-infected macrophages. [10] [11] [12] 29 However, the role of caspase-11 in intestinal inflammation is not known.
We showed here that caspase-11 is expressed by the colonic mucosa, and that its expression levels were further induced during DSS-induced colitis. Importantly, caspase-11 À / À mice were hypersusceptible to DSS-induced colitis, and closely resembled caspase-1 À / À /11 À / À mice in terms of DSS-induced morbidity and mortality. Unlike caspase-1 À / À /11 À / À mice, however, we found that caspase-11 À / À mice produced normal and increased levels of the inflammasome-dependent cytokines IL-1b and IL-18 when subjected to a lethal or sublethal dose of DSS, respectively. Notably, not only absence but also excessive colonic IL-18 production was previously linked to clinical disease during DSS-induced colitis. 8, 23 Therefore, it is possible that the increased production of IL-18 may have contributed to the hypersensitivity of caspase-11 À / À mice to DSS. However, caspase-11 may as well protect against colitis independently of inflammasome-dependent cytokine production (Supplementary Figure S7) .
Noteworthy in this regard, we showed that the fecal microbiota of caspase-11 À / À mice is characterized by a markedly reduced prevalence of the phylum Prevotella. Confirmation of this finding in two animal facilities (located in Ghent, Belgium and Memphis, TN) supported the notion that caspase-11 deficiency rather than facility-linked environmental factors were responsible for the altered microbiome composition. The microbiome of caspase-11 À / À mice thus appears to differ from that of caspase-1 À / À /11 À / À mice, the latter being characterized by an increased prevalence of Prevotella. 18 However, co-housed caspase-11 À / À mice retained their increased susceptibility to DSS-induced colitis despite the clear equilibration of their microbiota composition. These results suggested that the skewed microbiome composition of caspase-11 À / À mice did not critically contribute to their increased susceptibility to DSS-induced colitis.
In addition, we found caspase-11 À / À mice to produce significantly increased colonic levels of CCL5, a chemokine that was previously linked to the hypersusceptible response of NLRP6-deficient mice in DSS-induced colitis. 18 We also showed a marked reduction in circulation levels of HMGB1 in DSS-treated mice lacking caspase-11. This marker is associated not only with pyroptosis, but also with necrotic cell death, and it can be actively secreted by activated monocytes as well. 21, 22 Unfortunately, (specific) in vivo markers for pyroptosis are currently not available, hampering further analysis of caspase-11-mediated pyroptosis during colitis.
Regardless of the relative importance of these different mechanisms, we demonstrated for the first time that caspase-11 is critical for protection against intestinal inflammation, and showed that DSS-induced secretion of the inflammasome-dependent cytokines IL-1b and IL-18 requires caspase-1, but not caspase-11. Colonic epithelial cells are known to produce the majority of IL-18 during DSS-induced colitis. 14 In agreement, we found caspase-1 to be matured in colonic epithelial cells of both wild-type and caspase-11 À / À mice. Thus, unlike during lipopolysaccharide-induced endotoxemia, IL-1b and IL-18 secretion during DSS-induced intestinal inflammation does not require caspase-11, and proceeds through the canonical NLRP3 inflammasome. Taken together, these results demonstrate for the first time that caspase-11 is expressed in the colonic mucosa and that it contributes to protection against DSS-induced colitis independently of canonical inflammasomes.
METHODS
Mice. Caspase-11 À / À mice were generated in a C57BL/6J genetic background and caspase-1 À / À /11 À / À mice were backcrossed to the C57BL/6J genetic background for at least 10 generations. 10, 30 All mice were 8-10 weeks old, male, and housed under specific pathogen-free conditions. In some experiments, 5-week-old male wild-type and caspase-11 À / À mice were co-housed for 4 weeks, after which they were challenged with DSS. All animal studies were conducted under protocols approved by the Medicine and Health Sciences Committee of Ghent University and St Jude Children's Research Hospital in compliance with the US Department of Health and Human Services Guide for the Care and Use of Laboratory Animals.
DSS-induced colitis model. In all experiments, colitis was induced by administration of DSS (molecular mass 36-40 kDa; MP Biologicals) dissolved in sterile, distilled water ad libitum for the first 5 experimental days followed by normal drinking water until the end of the experiment. The DSS solutions were made fresh on day 3. For the survival study, acute colitis was induced with 4% (w/v) DSS. The morbidity and mortality of mice were followed until day 16. For all other experimental readouts, colitis was induced with 2% (or 4%) (w/v) DSS. Samples were collected 10 days after initiation with DSS treatment for the 2% studies or 7 days after initiation with 4% DSS.
Determination of clinical scores. Body weight, stool consistency, and the presence of occult blood were determined daily up to day 16 after induction with 4% DSS and up to day 10 with 2% DSS. The baseline clinical score was determined at the moment DSS treatment was started (day 0). Scoring for stool consistency and occult blood was done as described previously. 6 Briefly, stool scores were determined as follows: 0 ¼ well-formed pellets, 1 ¼ semi-formed stools that did not adhere to the anus, 2 ¼ semi-formed stools that adhered to the anus, 3 ¼ liquid stools that adhered to the anus. Bleeding scores were determined as follows: 0 ¼ no blood by using Hemoccult SENSA (Beckman Coulter), 1 ¼ positive Hemoccult SENSA, 2 ¼ visible blood traces in stool, 3 ¼ gross rectal bleeding. The stool and bleeding scores were averaged to calculate the clinical score.
Histopathology. Day 10 after colitis induction with 2% DSS, the entire colon was excised to measure the length of the colon. Next, the colon was washed in phosphate buffered saline (PBS) and longitudinally cut. One half of the cut colon was fixed in 4% PBS-buffered formaldehyde as a Swiss roll and embedded in paraffin. Tissue sections of 5 mm were stained with hematoxylin and eosin. The presence of occasional inflammatory cells in the lamina propria was scored as 0, increased numbers of inflammatory cells in the lamina propria was assigned score 1, confluence of inflammatory cells extending into the submucosa was scored as 2, and transmural extension of the infiltrate was scored as 3. For tissue damage, no mucosal damage was scored as 0, lymphoepithelial lesions were scored as 1, surface mucosal erosion or focal ulceration was scored as 2, and extensive mucosal damage and extension into deeper structures of the bowel wall was scored as 3. The combined histological score ranged from 0 (no changes) to 6 (extensive infiltration and tissue damage). Five randomly chosen optical fields per colon of at least four mice per group were analyzed for histological scoring. Immunostaining for macrophages and neutrophils was performed with anti-F4/80 (AbD Serotec, Puchheim, Germany; 1:100) and anti-Ly6G (BD Biosciences, Erembodegem, Belgium; 1:100) antibodies, respectively, as described. 31 Cell death assay. Colonic tissue sections were prepared as described above. Apoptosis was analyzed by fluorescence microscopy using an in situ cell death detection kit (Roche). Five random optical fields per colon were taken for the 0% DSS-treated and ten for the 4% DSStreated animals.
16S rDNA analysis. Aliquots of frozen fecal samples were processed using the QIAamp DNA Stool Mini kit according to the manufacturer's instructions (QIAGEN). Quantitative PCR analysis was performed on a LightCycler 480 instrument (Roche) using the LightCycler 480 SYBR Green I Master mix (Roche) and reported primer pairs that target Prevotellaceae (5 0 -CCAGCCAAGTAG CGTGCA-3 0 and 5 0 -TGGACCTTCCGTATTACC-3 0 ), Bacteroides (5 0 -GGTTCTGAGAGGAGGTCCC-3 0 and 5 0 -CTGCCTCCCGTAG GAGT-3 0 ) and Bacteria (5 0 -ACTCCTACGGGAGGCAGCAGT-3 0 and 5 0 -ATTACCGCGGCTGCTGGC-3 0 ). 32 Cytokine measurements. Serum was collected from blood drawn by cardiac puncture at day 10 post treatment with 2% DSS and day 7 after treatment with 4% DSS. The entire colon was excised and washed with PBS. To quantify the cytokines in colon tissue, one half of the longitudinally cut colon was homogenized mechanically in PBS using a tissue ruptor (QIAGEN) and lysed in 1% NP-40-containing lysis buffer. Protein extracts were centrifugated at 14,000 r.p.m. for 30 min at 4 1C and total protein was determined using the Bradford method. Mouse Eotaxin, IL-18, KC, and tumor-necrosis factor in serum and mouse IL-6, IL-18, KC, and CCL5 in colon lysates were measured with the Bio-Plex multiplex system (Bio-Rad) and mouse IL-1b with an ELISA (R&D Systems) assay, according to the guidelines of the manufacturer.
Western blotting. Tissue extracts of colon homogenates were prepared as described above, diluted in Laemmli buffer, and boiled. Samples were subjected to SDS-polyacrylamide gel electrophoresis, and the proteins were transferred to polyvinylidene difluoride membranes. After blocking (1% or 3% milk, 1-2 h, room temperature), the membranes were stained using rabbit anti-mouse caspase-1 (SC514; Santa Cruz Biotechnology) diluted 1:500, rat antimouse caspase-11 (Novus Biologicals; 1:1,000), rabbit anti-mouse IL-18 (Biovision; 1:1,000), and horseradish peroxidase-coupled antimouse b-actin (Novus Biologicals; 1:40,000). Membranes were exposed to the corresponding secondary antibodies (Jackson ImmunoResearch), washed, and developed with ECL (GE Healthcare).
Fluorescence activated cell sorting-assisted sorting of colonic epithelial cells. Colonic epithelial cells were isolated using the Lamina Propria Dissociation kit according to the instructions of the manufacturer (Miltenyi Biotec, The Netherlands). Briefly, colons were dissected, washed with PBS, and cut into small pieces. Colon segments were incubated in Hank's balanced salt solution-based buffers (without Ca 2 þ and Mg 2 þ , with EDTA and dithiothreitol) for 20 min at 37 1C with gentle shaking. Then, the cells were vortexed and cells in the supernatants were filtered through a 70-mm cell strainer and washed twice. These cells were first blocked with anti-mouse CD16/ CD32 antibody (eBioscience). Next, they were stained with the epithelial cell-specific marker EpCAM (eBioscience), the hematopoietic cell-specific marker CD45 (eBioscience), and the death cell staining agent propidium iodide. EpCAM-positive, CD45-negative, and propidium iodide-negative cells were sorted using a MoFlo cell sorter (Beckman Coulter). The percentage of EpCAM-positive, CD45negative cells after sorting was evaluated using a FACSCalibur flow cytometer (BD Biosciences).
Statistical analysis. All statistical analyses were performed using Prism5 software (GraphPad). Differences in group survival were analyzed with the Kaplan-Meier test. Significance for body weight and clinical score was determined by two-way analysis of variance with Bonferroni post-tests. For all other analyses the Student's t-test was applied. Po0.05 was considered statistically significant.
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